The objectives of this study are to synthesize pumice supported nanoscale zero-valent iron (P-nZVI), to characterize it and to test its removal capacity of heavy metals. Characteristics of P-nZVI are investigated using SEM-EDX, BET and XRF. The characterization results show that nZVI particles were effectively attached and well dispersed on the surface of pumice. To identify the effectiveness of pumice modification, the RP and P-nZVI were used for adsorption of Ni(II), Zn(II) and Cd(II). Pumice coated with nZVI shows high efficiency in the removal of Ni(II), Zn(II) and Cd(II).
Introduction
Water pollution by heavy metals has become one of the most difficult problems in the present day. The toxic effects of heavy metals, such as Ni(II), Zn(II) and Cd(II), on human health have been investigated extensively [1] . Based on the foregoing, the heavy metals should be removed from the wastewater and their concentration must not exceed the permitted limits. Adsorption is one of the most common processes in the removal of heavy metals, due to its favorable features [2, 3] .
Pumice is a porous volcanic rock which has a skeleton structure formed during the volcanic explosions [4] . Pumice can be processed easily and used effectively as low-cost adsorbent of heavy metals [5] . In particular, its adsorption capacity will increase after modification of pumice to provide more reaction sites for heavy metals [6, 7] .
Nano zero-valent iron (nZVI) has recently been shown to have high affinity to various types of metallic ions. Application of ZVI in the form of nano-particles has become one of the most promising and effective technologies to improve its properties, due to small particle size, large surface area and high removal efficiency [8, 9] . However, nZVI is easily oxidized to iron oxides under aerobic conditions. Therefore, its application is primarily restricted to anaerobic conditions [10] .
nZVI is usually agglomerated because of its high surface energy and intrinsic magnetic interactions. To overcome this problem pumice with a porous structure has been used as a mechanical support, to promote the stability of nZVI particles against oxidation and agglomeration. However, only a few studies have focused on using pumice as the support material for nZVI. * corresponding author; e-mail: ilkerharman@sdu.edu.tr
The aim of this work is (1) to obtain a material with a high adsorption ability by merging nZVI particles, (2) to characterize the raw pumice (RP) and P-nZVI by SEM-EDX, BET and XRF and (3) to investigate the simultaneous removal of Ni(II), Zn(II) and Cd(II) from model solution by using RP and pumice-supported nZVI (PnZVI). To our knowledge, pumice-supported nZVI was not previously investigated for removal of Ni(II), Zn(II) and Cd(II) from water.
Materials and equipment

Materials
Pumice particles were provided by pumice research and application center at Suleyman Demirel University, Isparta, Turkey. Chemicals including (FeCl 3 ), (NaBH 4 ), (NiSO 4 ·6H 2 O) and (ZnSO 4 ·7H 2 O) were purchased from Merck, while (CdSO 4 ) and ethanol were supplied from Acros Organics and J.T. Baker, respectively. The concentrations of Ni(II), Zn(II) and Cd(II) were measured by inductively coupled plasma mass spectrometry (ICP-MS, NexIONTM 300X) and the single metal standards used for Ni(II), Zn(II) and Cd(II) analysis were supplied from Perkin Elmer.
Preparation of modified pumice (P-nZVI)
Initially pumice particles (less than 63-micron fraction) were pretreated with 1 M HCl to enhance its porosity and to remove the surface impurities. The nano scale zero valent iron was synthesized by using conventional liquid-phase method, the reduction of FeCl 3 was carried out using NaBH 4 as reducing agent [11, 12] . Deposition on the pumice was carried out by employing the method reported by Liu et al. in [6] .
Pumice (3.36 g) was added into a neck flask. Iron solution was prepared by dissolving FeCl 3 in the water/ethanol mixture. The FeCl 3 solution was added into the flask and left for mixing for 1 hour. After the end of mixing time, freshly prepared NaBH 4 solution was added to the mixture. After addition of NaBH 4 solution the (171) mixture was mixed for 1 hour. The solid-liquid phase separation was done by centrifugation. The precipitated P-nZVI was dried at 65
• C over the night. All experiments were performed in nitrogen atmosphere to prevent iron oxidation.
Results and discussion
SEM-EDX
The SEM image of raw pumice before modification with nZVI is shown in Fig. 1a . It reveals that the raw pumice had porous structure. Figure 1b shows SEM image of the P-nZVI. The presence of nZVI on the surface of pumice indicates that nZVI is immobilized and distributed heterogeneously on the surface, suggesting an effective coating process. Nano zero-valent iron particles were rough with a round shape. The coarse conformation of the nZVI particles could increase the number of active sites that take part in the adsorption process.
nZVI particles (70-80 nm) were positioned on the surface of pumice without aggregation and thus increase the surface area of the pumice. This is in agreement with the results obtained by BET analysis. After adsorption, the surface of P-nZVI became rough (Fig. 1c) due to the formation of deposits on the P-nZVI surface.
Energy dispersive X-ray (EDX) analysis was recorded to indicate the surface elemental content of RP and P-nZVI before and after the adsorption of Ni(II), Zn(II) and Cd(II) ions. The EDX results are shown in Table I . The raw pumice was rich in silica [6] , where the weight proportion of silica as high as 31.6% and the iron content of about 2.8 wt.% were observed.
After the modification of RP with nZVI the weight percentage of Si decreased to 23.05 wt.%. However, the percentage of Fe increased to 14.34 wt.%. The increase of iron content originates from nZVI particles. EDX analysis of P-nZVI following the uptake of Ni(II), Zn(II) and Cd(II) ions indicates that the weight percentage of Ni(II), Zn(II) and Cd(II) increased to 2.2%, 1.98% and 1.71%, respectively, thereby, confirming the adsorption of the Ni(II), Zn(II) and Cd(II) ions on the P-nZVI surface. 
BET
The specific surface area of P-nZVI was measured by BET-N 2 surface area analyzer. When pumice was loaded with nZVI particles (P-nZVI), the mean specific surface area of 8.4 and 6.3 m 2 /g was obtained by Langmuir and BET adsorption isotherm, respectively. Which was 4 and 3 times larger than those of the raw pumice 2 and 2.7 m 2 /g [13] . Modification process has led to an increase in the surface area of pumice and reduced the aggregation of nZVI. The mechanical strength might be increased with the decrease of aggregation.
XRF
The X-ray fluorescence (XRF) analyses of P-nZVI were conducted. RP sample was predominantly rich in SiO 2 (53% by weight). The Fe 2 O 3 content was about 3.77 wt.% [13] . For the P-nZVI, the XRF analysis shows that the amount of Fe 2 O 3 was 14.78% by weight and the amount of SiO 2 was 37.42%. Usage of sodium borohydride during the synthesis of nZVI has led to actual increase in the Na 2 O percentage (18%), as well. The results indicate that the modification of pumice with nZVI was successfully achieved.
Adsorption tests
The simultaneous removal of the three contaminants (concentrations of heavy metals: 10 mg/l; adsorption time: 20 minutes; 150 rpm; temperature: 20 ± 5
• C) by RP and P-nZVI were studied by bottle point adsorption method and the results are shown in Fig. 2. From Fig. 2 , the Ce/Co values of Ni(II), Zn(II) and Cd(II) adsorption by RP were decreased to 0.96, 0.84 and 0.88, respectively, when the adsorbent dose increased to 2000 mg/l. The low adsorption capability of raw pumice is due to its small surface area. Therefore, pumice dose did not enhanced the removal efficiency. However very high removal rates were obtained with P-nZVI. The results of adsorption of Ni(II), Zn(II) and Cd(II) by P-nZVI show that the removal of each of the heavy metals is unaffected by the presence of the other metals, the Ce/Co values of Ni(II), Zn(II) and Cd(II) dropped to 0.08, 0.03, and 0.09, respectively. From the result it can be concluded that the modification of pumice with nZVI is an important step to obtain a highly effective material for adsorption of heavy metals. The removal rate of P-nZVI increases with the increase of adsorbent dose. This can be explained as follows, when the P-nZVI dose increases, the number of available active sites able to adsorb metal ions will increase [7, 14] . The removal efficiency of Zn(II) is smaller compared to those of Ni(II) and Cd(II), which is confirmed by the results of other research [15, 16] . P-nZVI is obviously advantageous for the simultaneous heavy metal removal.
Conclusions
We conclude with the following highlights;
• Pumice particles were successfully modified with nZVI. This finding has been confirmed by SEM-EDX and XRF characterization methods,
• It was observed that nZVI particles are distributed heterogeneously on the surface of pumice,
• Surface area of pumice was increased by modification,
• nZVI coated pumice shows high efficiency in the removal of Ni(II), Zn(II) and Cd(II),
• After the modification of RP, iron content of the samples was increased.
• After adsorption tests, samples were analyzed with EDX. It was observed that weight percentage of Ni(II), Zn(II) and Cd(II) increased compared with raw pumice. This result, confirms the adsorption of the Ni(II), Zn(II) and Cd(II) ions on the P-nZVI surface,
• The removal rate of P-nZVI increases with the increase of the adsorbent dose. The removal efficiency of Zn(II) is smaller compared to those of Ni(II) and Cd(II),
• From the results it can be concluded that the modification of pumice with nZVI is an important step to obtain a highly effective material for adsorption of heavy metals.
